Previous comparisons of territorial and gregarious finches (family Estrildidae) suggest the hypothesis that arginine vasotocin (VT) neurons in the medial bed nucleus of the stria terminalis (BSTm) and V 1a -like receptors in the lateral septum (LS) promote flocking behavior. Consistent with this hypothesis, we now show that intraseptal infusions of a V 1a antagonist in male zebra finches (Taeniopygia guttata) reduce gregariousness (preference for a group of 10 versus 2 conspecific males), but have no effect on the amount of time that subjects spend in close proximity to other birds ("contact time"). The antagonist also produces a profound increase in anxiety-like behavior, as exhibited by an increased latency to feed in a noveltysuppressed feeding test. Bilateral knockdown of VT production in the BSTm using LNA-modified antisense oligonucleotides likewise produces increases in anxiety-like behavior and a potent reduction in gregariousness, relative to subjects receiving scrambled oligonucleotides. The antisense oligonucleotides also produced a modest increase in contact time, irrespective of group size. Together, these combined experiments provide clear evidence that endogenous VT promotes preferences for larger flock sizes, and does so in a manner that is coupled to general anxiolysis. Given that homologous peptide circuitry of the BSTm-LS is found across all tetrapod vertebrate classes, these findings may be predictive for other highly gregarious species.
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Central nonapeptide circuits play phylogenetically widespread roles in the modulation of social behaviors and stress responses, and often exert their effects in a species-specific manner (Engelmann et al., 2004; De Vries and Panzica, 2006; Donaldson and Young, 2008; Veenema and Neumann, 2008; Choleris et al., 2009; Goodson and Thompson, 2010) . These circuits arise primarily from magnocellular and parvocellular neurons in the preoptic area and hypothalamus that produce either arginine vasotocin (VT; in nonmammalian vertebrates) or arginine vasopressin (VP; in mammals), plus a single oxytocin-like peptide in any given species. In addition to these cell groups, virtually all tetrapods, including humans, exhibit VT/VP neurons in the medial extended amygdala, which lie primarily within the medial bed nucleus of the stria terminalis (BSTm) (De Vries and Panzica, 2006; Goodson and Thompson, 2010) . Unlike VT/VP cells of the hypothalamus, the BSTm neurons and their projections to basal forebrain sites such as the lateral septum (LS), medial preoptic area and habenula Absil et al., 2002) are typically sexually dimorphic, with males expressing more cells and a higher density of projections than females, are strongly regulated by sex steroids in most seasonally breeding species, and virtually disappear in animals that are in non-reproductive condition (De Vries and Panzica, 2006) . Interestingly, these latter two features are not exhibited by several finch species that breed opportunistically in response to unpredictable rainfall, including the zebra finch (Estrildidae: Taeniopygia guttata) (Kabelik et al., 2010) .
Another notable characteristic of the BSTm VT/VP neurons is their sensitivity to the valence of social stimuli, such that these neurons increase their transcriptional (Fos) activity in response to positive, affiliation-related stimuli, and show no response or even a decreased response to aversive stimuli Goodson et al., 2009b) . This functional profile has now been demonstrated in C57BL/6J mice (Ho et al., 2010) and also in five estrildid finch species that are all monogamous and biparental, but that differ selectively in their species-typical group sizes (ranging from territorial pairs to flocks of hundreds) . Simple exposure to a same-sex conspecific through a wire partition significantly increases Fos expression in the BSTm VT cells of highly gregarious finches that naturally affiliate with same-sex individuals, but decreases VT-Fos colocalization (i.e., the percent of VT neurons that colocalize Fos) in territorial finch species that typically attack or avoid same-sex individuals. In addition, VT-Fos colocalization in the BSTm is increased in the territorial finches following exposure to the subject's Hormones and Behavior 60 (2011) 12-21 pair bond partner (a presumably positive stimulus), whereas in the highly gregarious zebra finch, courtship-induced increases in VT-Fos colocalization are blocked by intense subjugation (a presumably negative stimulus) . Similarly, in male C57BL/6J mice, BSTm VP neurons exhibit a robust Fos response to copulation and a modest Fos response to nonaggressive same-sex interaction, but no specific response to male-male fights (Ho et al., 2010) .
In addition to the species differences in socially induced VT-Fos colocalization, signaling from the BSTm VT neurons may be effectively magnified in the gregarious finch species, relative to the territorial species, in a few different ways. First, the flocking species exhibit significantly higher levels of constitutive VT-Fos colocalization than do the two territorial species. If this constitutive transcriptional activity is associated with actual VT release, which remains to be demonstrated, VT derived from the BSTm may play a relatively greater role in tonic brain modulation in gregarious finches as compared to territorial finches. Tonic modulation may be further compounded in the two most gregarious species given that they exhibit approximately 10 times the number of VT neurons in the BSTm than do the less social species . Finally, all three flocking species exhibit significantly higher densities of V 1a -like VT binding sites in the LS than do the territorial species .
These findings strongly suggest the hypothesis that VT circuitry of the BSTm and LS promotes gregariousness, which we explicitly test in the present experiments, initially using intra-LS infusions of a V 1a receptor antagonist in male zebra finches and a recently developed behavioral assay of group size preference (Goodson et al., 2009c) . However, the specific contributions of the BSTm VT neurons to behavior are difficult to infer from pharmacological manipulations given that 1) VT/VP projections from the BSTm appear to partially overlap with those from hypothalamic populations, 2) magnocellular hypothalamic neurons may bathe much of the brain in peptide released volumetrically from dendrites and soma, and 3) paracrine modes of action appear to be widespread Ludwig and Leng, 2006; Goodson and Kabelik, 2009 ). Thus, a major goal of the second experiment was to determine the direct contribution of the BSTm VT cells to gregariousness, which we achieved through the use of VT antisense oligonucleotide infusions into the BSTm.
Given the importance of septal VP for anxiety modulation in rodents (Landgraf et al., 1995; Everts and Koolhaas, 1999; Bielsky et al., 2005) , we additionally examined the effects of antisense and antagonist infusions on two measures of anxiety-like behaviorexploration of a novel environment and novelty-suppressed feeding. All together, the present experiments provide clear evidence that endogenous VT titrates gregariousness, and does so in a manner that is coupled with unexpected anxiolytic behavioral effects.
Methods

Subjects
A total of 97 adult male zebra finches were used as subjects in the behavioral experiments, 68 of which exhibited accurate cannula placement and were retained for analyses. Of those 97 males, 15 were used exclusively for antisense validation tests, as were 5 females. Validation tests were also conducted using tissue from experimental subjects, as described below. Subjects were housed in groups of 6-10 same-sex individuals on a 14L:10D photoperiod with full spectrum lighting and were provided finch seed mix, cuttlebone, grit, and water ad libitum. Experiments were conducted in a humane manner and in full compliance with all federal and institutional regulations.
Vasotocin antisense production and validation Antisense production RNA was collected from zebra finch brains, and 5' RACE techniques were used to generate cDNA (5' RACE System for Rapid Amplification of cDNA Ends; Invitrogen, Carlsbad, CA). The 5′ end of the VT gene was PCR amplified from multiple brains using gene-specific downstream primers to determine if there were any polymorphisms surrounding the start codon. An antisense, LNA-modified 15-mer antisense oligonucleotide was synthesized for consensus sequence beginning 9 nucleotides upstream from the start codon, as well as an LNA-modified scrambled control using the same 15 nucleotides (Exiqon, Woburn, MA). Sequences were searched on BLAST (National Center of Biotechnology, Bethesda, MD) to ensure no significant alignment with other known transcripts. The sequence for the zebra finch VT LNA antisense was CT+ CTGC CAT GG + CT + CA, and the sequence for the zebra finch VT LNA scrambled oligonucleotide was AG+ C GTA TCT TG+ CC + CC.
Antisense validation
Zebra finches exhibit very large individual variation in the number of BSTm VT-ir cells, with the standard deviation in cell number being only slightly less than the mean (e.g., present validation data from hemispheres infused with scrambled oligonucleotides, and data from normal zebra finches; Goodson et al., 2009b) , suggesting that between-subjects comparisons of birds infused with scrambled and antisense oligonucleotides would produce a very imprecise estimate of knockdown. Thus, in order to accurately quantify antisense efficacy, 15 bilaterally cannulated male birds (8 of which exhibited accurate bilateral cannula placement and were retained for analysis) were infused with VT antisense oligonucleotides into one side of the BSTm and scrambled oligonucleotides into the contralateral side (each 1 μg in 0.25 μl of isotonic saline) at 12 h intervals for 3 days. An additional 5 animals were used for a similar assay of saline versus scrambled oligonucleotides in order to determine whether the scrambled oligonucleotides had unanticipated effects on transcription. Finally, in order to determine whether the antisense may have produced nonspecific knockdown of other proteins, we also labeled BSTm tissue for calbindin and aromatase using tissue from 7 randomly selected antisense subjects and tissue from 7 scrambled control subjects.
Similar to mammals (Moore and Lowry, 1998) , birds exhibit many VT cell groups, including populations in the preoptic area; and suprachiasmatic, paraventricular (PVN), and supraoptic nuclei of the hypothalamus; plus numerous accessory cell clusters in the anterior and lateral hypothalamus (Aste et al., 1996; Panzica et al., 1999) . Given that our present hypotheses are focused on the BSTm and LS, we did not target these many other cell groups, although they may also be involved in similar functions (Goodson and Kabelik, 2009 ). However, in order to ensure that our infusions were selectively targeting the BSTm and not diffusing to other structures, we additionally conducted VT cell counts in the PVN, the closest hypothalamic population to the BSTm.
Surgeries and infusions
In order to determine the functions of the VT circuitry in the BSTm and LS, we first infused a V 1a receptor antagonist into the LS, which is a primary target of VT projections from the BSTm, but not a site of VT production. In a second experiment, we then knocked down VT production in the BSTm using antisense oligonucleotides.
For the antagonist experiments, subjects were stereotaxically fitted with a unilateral 26-ga cannula directed at the right LS ( Fig. 1A ; small animal cannulae from Plastics One, Akron, OH). Subjects were anesthetized with isoflurane vapor delivered at 1.5-3.5% of a compressed air flow. Cannulae were referenced to the anterior pole of the cerebellum, and then moved 2.9 mm rostral to the reference point, 1.7 mm right of the midline, and inserted at a 26°angle to avoid midline vasculature. Guide cannulae were advanced 2.3 mm into the brain. The cannula was mounted to the skull using dental acrylic and veterinary-grade cyanoacrylate glue. The skin was then glued and at least 5 days recovery was allowed prior to infusions and behavioral testing. Approximately 1 h before behavioral testing, subjects were infused with either 250 ng of a selective V 1a antagonist [β-Mercaptoβ,β-cyclopentamethylenepropionyl 1 ,O-Me-Tyr 2 ,Arg 8 ]-Vasopressin (V2255, Sigma-Aldrich, St. Louis, MO) or saline control delivered in a counterbalanced order with 2 days between tests. Injectors extended 1 mm beyond the tip of the guide cannula. For logistical purposes, not all subjects were tested in each of the three behavioral paradigms.
For the antisense experiments, subjects were stereotaxically fitted with a bilateral 26-ga cannula device (1.5 mm tip separation; Plastics One) aimed at the dorsolateral aspect of the BSTm (Fig. 1) . After referencing to the anterior pole of the cerebellum, cannulae were moved 2.8 mm rostral and then advanced 3.0 mm into the brain. Other surgical methods follow those just described. At least 5 days recovery prior to infusions and behavioral testing were allowed. Subjects were bilaterally infused with either 1 μg VT antisense oligonucleotides or scrambled oligonucleotides in 0.25 μl of isotonic saline at 12 h intervals for 3 days. Injectors extended 1 mm beyond the tip of the guide cannula. Group size preference tests were conducted on the afternoon before the last infusion, and other tests were conducted the following morning, approximately 12-15 h after the sixth and final infusion. For logistical purposes, not all subjects were tested in each of the three behavioral paradigms described below. Subjects were excluded from analysis if both injector tips were not accurately placed in the dorsolateral BSTm or immediately adjacent portion of the lateral BST.
Behavioral testing
Gregariousness and social contact
For the antagonist experiment, subjects were tested for group size preference (gregariousness) and social contact in a counterbalanced, within-subjects design with 2 days between tests. Infusions of the V 1a antagonist were administered 30 min prior to testing. For the antisense experiments, these measures were quantified prior to surgery and again after 2.5 days of bilateral infusions, in a between-subjects design. Both of these experimental designs allowed us to substantially control for individual differences in behavior.
For both the antagonist and antisense experiments, gregariousness and social contact behavior were measured using the group size choice apparatus shown in Fig. 2 (Goodson et al., 2009c) . Subjects were placed in a 1 m wide central cage (43 cm H × 36 cm D) containing seven perches with two 46 cm cages on the sides, one containing a group of 2 same-sex conspecifics and the other containing 10 same-sex conspecifics. For the between-subjects antisense experiments, the location of the subject was recorded each 15 s for 4 min, and then the cages on the side holding 2 or 10 birds were switched in order to control for side biases and the location of the subject was recorded again each 15 s for 4 min. For the within-subjects antagonist experiments, the location of the subject was recorded each 15 s for 4 min on each of the two test days, counterbalancing for drug order and side biases across the two days. "Social contact" was operationally defined as the percent of test time that subjects spent on the perches immediately adjacent to conspecifics, both ends combined, and group size preference ("gregariousness") was operationally defined as the percent of social contact time that subjects spent on the perch directly adjacent to the larger group.
Anxiety-like behavior
Novelty-suppressed feeding tests and exploration tests were used to measure anxiety-like behaviors. Exploration of a novel environment is a classic anxiety assay in mammals and has been widely employed in birds (Groothuis and Carere, 2005; Biondi et al., 2010) , including zebra finches (Martins et al., 2007; Scheutt, 2009 ). The behavior measured by this kind of assay is replicable and has a strongly heritable component in songbirds (Groothuis and Carere, 2005 ). The novelty-suppressed feeding test is an increasingly popular anxiety measure (Leuner et al., 2010; Bilkei-Gorzo et al., 2002; Catts et al., 2008; Greene et al., 2009 ) that is easily adapted to birds.
For both the antagonist and antisense experiments, food was removed prior to lights-on in the morning. For the antagonist experiment, subjects received intraseptal infusions of the V 1a antagonist . Most placements for both targets were positioned rostrocaudally at the level of the anterior commissure (AC). For the BSTm, placements were required to be within 120 μm rostral or caudal of the AC, and centered in the area indicated, which spans the dorsolateral BSTm and immediately adjacent portions of the lateral BST (BSTl) and LS. For the LS, we simply required that infusions be centered on the LS, since previous results show that infused substances diffuse widely in the LS (Goodson, 1998) . (B) A representative BSTm infusion site (damaged tissue; asterisk) at the caudal margin of the AC. DAPI nuclear stain is shown pseudocolored purple; VT immunoreactivity is labeled green. This photo is from a control subject that received infusions of scrambled oligonucleotides. Note that the tip of the guide cannulae was 1 mm dorsal to this site, and that only the tip of the injector reached the BSTm. Scale bar = 100 μm. Other abbreviations: III, third cranial nerve; Hp, hippocampus; Inf, infundibulum; M, mesopallium; MS, medial septum; MSt, medial striatum; N, nidopallium; OM, occipitomesencephalic tract; OT, optic tectum; PVN, paraventricular nucleus of the hypothalamus; Rt, nucleus rotundus (thalamic).
or saline vehicle and were tested approximately 1 h later, first in the novelty-suppressed feeding test, and then the exploration test. For the antisense experiments, subjects were tested for novelty-suppressed feeding within approximately 1 h of lights-on, followed immediately by the exploration test. These tests were conducted in a between-subjects design for both the antagonist and antisense experiments. For the novelty-suppressed feeding tests, subjects were placed in a small cage (31 cm W × 20 cm H × 36 cm D) containing a food dish with an unfamiliar object (a purple nitrile glove) hanging above it. Testing was conducted in the housing room, although subjects were visually isolated from other birds. Subjects were videotaped for 30 (antisense experiments) or 35 min (antagonist experiments), and the latency to feed was recorded. For exploration tests, subjects were placed in a novel cage (1.3 m W × .43 m H × .36 m D) containing 3 clusters of novel evergreen branches, and the latency to move, number of hops, and the number of visits to evergreen clusters (i.e., zone changes) were recorded during a 3 min test period.
Directed song (antisense experiment only)
Previous experiments using intraventricular and intraseptal administrations of VT and a V 1a antagonist strongly suggest that VT does not influence directed courtship singing in male zebra finches (Goodson and Adkins-Regan, 1999; Kabelik et al., 2009b) . Thus, directed song testing provides a good assay to determine whether antisense treatments produced effects on social behavior that are likely not related to VT knockdown per se. Males were tested pre-surgery and after 2.5 days of bilateral infusions. Subjects were placed in a small cage (31 cm W × 20 cm H × 36 cm D) that was divided into halves by a wire barrier. After 3 min, an unfamiliar female was placed on the other side of the wire barrier and the number of songs directed toward the female was recorded for 2 min.
Statistics
Most behavioral data were not normally distributed and were therefore analyzed using Mann-Whitney tests for between-subjects comparisons and Wilcoxon signed-ranks tests for within-subjects comparisons. Exploration data were normally distributed and analyzed using t-tests.
Histology and immunocytochemistry
Immediately after post-infusion behavioral testing, subjects were killed by isoflurane overdose, and perfused with 0.1 M phosphate buffered saline (PBS) followed by 4% paraformaldehyde. Tissue was sectioned into three 40 μm series, one of which was mounted onto chrom-alum subbed slides to verify cannula placement. For validation assays, other tissue sections through the BSTm and PVN were immunofluorescently labeled for VT, or for calbindin and aromatase. Tissue was rinsed 5× for 10 min in 0.1 M PBS (pH 7.4), incubated for 1 h in block (PBS + 5% normal donkey serum + 0.3% Triton X-100), and was then incubated for approximately 40 h at 4°C in PBS + 2.5% normal donkey serum + 0.3% Triton X-100 containing either a guinea pig anti-VP antibody (1:1000; Bachem, Torrance, CA) or a monoclonal mouse anti-calbindin antibody (1:100; Abcam, Cambridge, MA) combined with a custom sheep anti-aromatase antibody (1:1000; Bethyl Labs, Montgomery, TX) . The primary incubation was followed by two 30 min rinses in PBS. For VT labeling, tissue was incubated for 1 h in a donkey anti-guinea pig secondary conjugated to biotin (8:1000; Jackson ImmunoResearch Labs, West Grove, PA). All tissue was then rinsed twice for 15 min in PBS, and incubated for 2 h at room temperature in streptavidin conjugated to Alexa Fluor 488 (3:1000) for VT labeling, or both donkey anti-sheep secondary conjugated to Alexa Fluor 680 (6:1000) for aromatase and donkey anti-mouse conjugated to Alexa Fluor 488 (3:1000) for calbindin (secondaries from Invitrogen, Carlsbad, CA), in PBS + 2.5% normal donkey serum + 0.3% Triton X-100. Following two 30 min rinses in PBS, the sections were mounted on slides subbed with gelatin and chrome alum and were cover-slipped with ProLong Gold antifade reagent with DAPI nuclear stain (Invitrogen). Images were acquired at 10× using a Zeiss AxioImager microscope outfitted with a Z-drive and an Apotome optical dissector (Carl Zeiss Inc., Göttingen, Germany), and cell counts were conducted blindly from flattened Zstacks by an observer using Photoshop CS3 (Adobe Systems, San Jose, CA) and ImageJ (National Institutes of Health, Bethesda, MD). The VTir population of the BSTm is segregated from other VT-ir cell groups and thus we simply counted all cells that occurred in the BSTm region. For control counts of aromatase and calbindin, standardized box outlines were superimposed on the photomicrographs (boxes were of a size that easily fit within the BSTm area as defined by VT in control tissue) and all cells in the boxes were counted.
Results
Intraseptal infusions of a V 1a antagonist decrease gregariousness (group size preference) but not time in social contact As shown in Fig. 3A , antagonist infusions virtually abolished interest in the large group, reducing the percent of social contact time that subjects spent with the large group from a median of 82% in the saline condition to 0% following infusions of the antagonist (tied P = 0.028; Wilcoxon signed ranks). In contrast, the V 1a antagonist had no effect on time spent in social contact (tied P = 0.9839; Fig. 3B ).
Intraseptal infusions of a V 1a antagonist increase anxiety-like responses to novelty
Relative to subjects receiving saline, subjects that received intraseptal infusions of the V 1a antagonist not only exhibited an increased latency to feed, but failed to feed entirely (tied P =0.0236; Mann-Whitney; Fig. 3C ). In contrast, no significant effect was observed for exploration of a novel environment (saline, 2.25 ± 0.98 zone changes; antagonist, 1.67 ± 1.17; P = 0.7075; unpaired t-test).
VT antisense oligonucleotides produce selective effects on VT production
Results from the within-subjects validation experiment demonstrate excellent specificity of the antisense oligonucleotides. Infusions of VT antisense oligonucleotides into the dorsolateral BSTm and/or Fig. 2 . Testing apparatus for group size preference and social contact. Subjects are placed in a 1 m-wide central cage containing seven perches (shown as thin lines). The subject's location is recorded each 15 s for 5 min. The percent of test time spent on the two end perches combined yields a measure of social contact ("contact time"). The percent of contact time that is spent next to the large group yields a measure of group size preference ("gregariousness").
immediately adjacent portions of the lateral BST reduced VT-ir cell numbers by approximately 54% relative to the scrambled oligonucleotides infused into the contralateral BSTm (tied P = 0.0251; Wilcoxon signed ranks; Fig. 4A ). Similar reductions were not observed for the VT population in the PVN, the closest hypothalamic cell group to the BSTm (tied P = 0.6002; Fig. 4B ). Photos from a representative validation subject are shown in Fig. 5 . Notably, the mean VT-ir cell number in the scrambled hemispheres (26.2 ± 16.4 cells per section; unilateral) is well within the normal range established in other studies Kabelik et al., 2010) , and thus the combined observations suggest that VT antisense effects were specifically localized to the infusion site. Furthermore, as shown in a separate validation experiment, scrambled oligonucleotides produced no effect on VT-ir cell numbers relative to saline (P = 0.8927; Wilcoxon signed ranks).
Finally, neither calbindin-ir cell number nor aromatase-ir optical density in the BSTm was reduced by antisense oligonucleotides relative to scrambled oligonucleotide controls (P = 0.5242 and 0.6755, respectively; unpaired t-tests). Optical density measurements were employed for aromatase rather than cell counts due to the very wide range of detectable aromatase (i.e., density) in individual cells.
Of the 44 subjects that were fitted with bilateral cannulae for the antisense behavioral experiments, 35 showed correct placements. This level of accuracy was possible based on the limited distance between our surgical reference point and the desired infusion site. Of the 9 misses, 4 were too deep and thus destroyed part or all of the BSTm VT cell group. The remainder was variable and distributed across treatment groups, thus we did not conduct comparisons between subjects with cannula placements that were correctly targeted versus those that were incorrectly targeted. Also note that lateral errors in one hemisphere (e.g., targeting the striatum) are associated with medial errors in the other hemisphere, and in such cases the septal region sustained heavy damage.
VT antisense oligonucleotide infusions into the BSTm decrease gregariousness but increase social contact
Measures of pre-post effects on gregariousness and social contact were generated for each subject by subtracting presurgical from postinfusion scores, and these values were then compared between treatment groups using Mann-Whitney tests. Subjects that received antisense oligonucleotides exhibited a significant reduction in time spent with the large group relative to scrambled oligo control subjects (tied P = 0.0048; Fig. 6A ). Time spent in social contact was not similarly reduced, and in fact antisense modestly increased social contact time (tied P = 0.0258; Fig. 6B ).
VT antisense increases anxiety-like responses to novelty
In mammals, septal VP is anxiogenic (Wigger et al., 2004; Beiderbeck et al., 2007; Neumann et al., 2010) , but the contributions of the BSTm cells to anxiety effects are unknown. Therefore, in order Fig. 3 . Intraseptal infusions of a VP V 1a antagonist reduce gregariousness and increase anxiety-like behavior. Relative to vehicle, antagonist infusions reduce gregariousness (percent of contact time spent with the larger group; see Fig. 1 ) (A), but not social contact time (B), and increase the latency to feed in the presence of a novel object (C). Social choice tests were run in a counterbalanced within-subjects design; novelty-suppressed feeding tests were conducted in a between-subjects design. Box plots show the median (red line), 75th and 25th percentile (box) and 95% confidence interval (whiskers). For within-subjects tests (A and B) , data for each individual are shown in the small panel to the right of the box plot. to determine the involvement of BSTm VT neurons in anxiety-like processes, we tested antisense and scrambled control subjects (after 3 days of infusions) for latency to feed in the presence of a novel object, as well as exploratory behavior in a novel environment. These tests were conducted at a single post-surgical time point. Relative to subjects that received infusions of scrambled oligonucleotides, subjects receiving VT antisense oligos exhibited a longer latency to feed in the presence of a novel object (tied P = 0.0353; Mann-Whitney; Fig. 6C ), and visited fewer branches in the exploration test (P = 0.0422; unpaired t-test; Fig. 6D ). Novelty-suppressed feeding results were likely not produced by effects on appetite, given that neither scrambled or antisense subjects exhibited any weight change following treatments, and pre-post weight differences were virtually identical in the two groups (P = 0.5952; unpaired t-test; for similar results with chronic antagonist treatments, see Kabelik et al., 2009b) . Similarly, exploration effects were likely not produced by non-specific influences on locomotor activity, given that antisense subjects did not differ from controls in the total number of hops exhibited (P = 0.8939; unpaired t-test), and showed only a weak trend towards an increase in their latency to move (P = 0.1339; unpaired t-test). Fig. 5 . VT immunoreactivity in the BSTm and PVN of a bilaterally cannulated validation subject that received scrambled oligonucleotides into the left BSTm and VT antisense oligonucleotides into the right (inverted fluorescence). This section shows a 40% knockdown of VT-ir cells by the antisense, which is slightly less than the median knockdown of 54% (Fig. 3) . Scale bar = 100 μm. Abbreviations: AC, anterior commissure; MS, medial septum; OM, occipitomesencephalic tract; v, lateral ventricle. Fig. 6 . Knockdown of VT production in the BSTm by antisense oligonucleotides reduces gregariousness (preferred group size), increases social contact time and increases anxiety-like behaviors. (A) Relative to scrambled oligonucleotide controls, male zebra finches infused with VT antisense oligonucleotides exhibit a median reduction in gregariousness of approximately 80% in choice tests between 10 and 2 conspecific males. Gregariousness is defined as the percent of contact time spent with the larger group (see Fig. 1 ). Data are shown as a post-treatment change from pre-surgical testing. (B) The same tests show a more modest but significant increase in social contact time. (C-D) Antisense subjects exhibit an increased latency to feed in the novelty-suppressed feeding test (C) and decreased exploration of a novel environment (D). Box plots show the median (red line), 75th and 25th percentile (box) and 95% confidence interval (whiskers). Data in panel D are shown as means ± SEM.
VT antisense oligonucleotides produce no effect on directed singing Subjects in both scrambled and antisense oligo groups courted vigorously and pre-post difference measures were nearly identical (scrambled, 8.86 ± 2.00 songs; antisense, 8.00 ± 2.64; tied P = 0.6547; Mann-Whitney).
Discussion
VT/VP and the evolution of flocking and grouping Despite the central importance of sociality to many aspects of species-specific behavior and physiology (Krause and Ruxton, 2002) , neural variables that titrate group size choice remain almost wholly unknown. This may reflect the fact that in most taxa, species differences in grouping are confounded with other important ecological and behavioral variables such as mating system and patterns of parental care, and thus to date, grouping has been isolated as a quasiexperimental variable only in the avian family Estrildidae Goodson et al., 2009c) . This family offers exceptional opportunities for comparative studies of sociality given that all estrildids exhibit long-term monogamous pair bonds and biparental care, but display a wide range of modal speciestypical group sizes, with clear cases of convergent evolution (Goodwin, 1982) . Several prior studies in estrildid finches suggest the hypotheses that VT circuitry of the BSTm-LS promotes grouping behavior in flocking species and differentially modulates the social preferences of territorial and gregarious species . Consistent with these hypotheses, the present experiments now directly demonstrate that gregariousness is promoted by BSTm VT neurons and by the binding of endogenous VT to V 1a -like receptors in the LS. Antisense effects in the BSTm were complex, given that social contact time was increased concomitantly with decreases in preferred group size (see next section). In contrast, intraseptal infusions of the V 1a antagonist titrated gregariousness more selectively, and showed a clear lack of effects on social contact time (see below).
Other findings likewise suggest an important role for LS nonapeptides in the titration of flocking. For example, intraseptal infusions of an OT receptor antagonist significantly reduce gregariousness in female zebra finches, but produce no effect on social contact, and OTlike receptors in the LS (which are also potential binding sites for VT; Leung et al., 2009 ) exhibit very different distributions between territorial and flocking finch species, such that flocking species exhibit a higher density of receptors dorsally, whereas territorial species exhibit higher densities ventrally (Goodson et al., 2009c) . Although relative densities along the dorsoventral axis clearly differentiate territorial from flocking species, the functional significance of this spatial arrangement remains to be specified.
Septal nonapeptides also influence social investigation in rodents.
In male prairie voles (Microtus ochrogaster), social investigation of novel females is positively correlated with V 1a receptor density in the LS, but negatively correlated with OT receptor density (Ophir et al., 2009) , although this latter correlation is difficult to directly compare to finches in the absence of greater spatial resolution along the dorso-ventral axis. Similarly, over-expression of V 1a receptors in the LS of male rats improves social discrimination and increases active social interactions (Landgraf et al., 2003) , and septal V 1a receptors are essential for normal social recognition in both rats and mice (Bluthe et al., 1990; Engelmann et al., 1994; Bielsky et al., 2005) . These findings in voles, mice, and rats are not entirely consistent with those in zebra finches, given that we did not here observe an effect of the V 1a antagonist on time spent in social contact. However, zebra finches are extraordinarily social (Zann, 1996) , especially in comparison to the rodent species mentioned above, and may therefore express redun-dant neural mechanisms that ensure consistent social contact. In fact, we have observed numerous grouping-related species differences in neuropeptide and catecholamine systems (e.g., receptor densities, cell numbers, and/or Fos responses to social stimuli) that may each promote affiliation in species that flock Goodson et al., 2009a; Goodson et al., 2009c) .
The enigmatic VT/VP neurons of the BSTm
The VT/VP cell group has been indirectly implicated in the control of numerous affiliation and anxiety-like behaviors, largely by virtue of projections to basal forebrain sites where VT/VP promote social investigation, social recognition, stress coping, parental behavior, and pair bonding (Liu et al., 2001; Engelmann et al., 2004; De Vries and Panzica, 2006; Donaldson and Young, 2008; Veenema and Neumann, 2008; Choleris et al., 2009; Goodson and Thompson, 2010) . Lateral septal VT/VP also has complex effects on aggression and agonistic communication, which has often been taken as evidence for an involvement of the BSTm VT/VP neurons (Goodson and Kabelik, 2009 ). However, septal VP also modulates agonistic behavior in Syrian hamsters (Mesocricetus auratus) (Ferris et al., 1994) , a highly asocial species that apparently lacks a VP cell group in the BSTm altogether (Bolborea et al., 2010) . Thus, the LS clearly receives behaviorallyactive VT/VP from one or more sources outside of the BSTm, underscoring the fact that confident inferences about the functions of the BSTm cell group cannot be made based upon peptide manipulations in BSTm projection targets (e.g., the LS). In fact, although we have learned a great deal about VT/VP functions over the last few decades, we still know very little about the regulation of behavior by the BSTm cell group.
To date, the majority of our knowledge about the functions of the BSTm VT/VP neurons comes from a handful of studies that have examined the responses of these cells to social and non-social stimuli. Overnight cohabitation with a female increases VP mRNA in the BSTm of both monogamous and nonmonogamous male voles (Wang et al., 1994) , and recent immediate early gene experiments demonstrate that the BSTm VT/VP neurons have an exquisite sensitivity to the valence of social stimuli. For instance, as just described for finches, these cells increase their Fos activity to affiliation-related stimuli, but not to aversion or aggression-related stimuli Goodson et al., 2009b) , and similarly, in male mice, VP neurons of the BSTm exhibit an increased Fos response to copulation and nonaggressive same-sex interaction, but not selectively to fights (Ho et al., 2010) . This pattern of responses is virtually opposite of the profile of hypothalamic VT/VP cell groups, which are responsive to a wide range of stressors, including aggressive interactions (Wotjak et al., 1996; Briski and Brandt, 2000; Delville et al., 2000; Goodson and Evans, 2004; Ho et al., 2010) .
These observations suggested our hypothesis that VT/VP neurons of the BSTm act to generally promote positive social interactions (but note that previous data on courtship singing run counter to this hypothesis; Goodson and Evans, 2004) . More specifically, given the pattern of species differences already summarized for territorial and gregarious finch species (see Introduction), we hypothesized that the BSTm VT neurons act to increase gregariousness. This latter hypothesis receives solid support from the present experiments: Knockdown of VT in the BSTm produced a median reduction in gregariousness of 80% relative to scrambled controls, an effect size that is virtually identical to the within-subjects effect size in the antagonist experiment. However, no effect was observed on directed courtship singing to females, and social contact time was actually increased by approximately 25% in antisense subjects relative to birds infused with scrambled oligonucleotides. Given that social contact is not affected by infusions of V 1a and OT antagonists into the lateral ventricle and/or LS (Goodson et al., 2009c) , the antisense effect on contact time is unlikely to be mediated via BSTm projections to the LS, and may reflect VT actions in areas outside of the forebrain altogether (i.e., in areas distal to the ventricular antagonist infusions). Interestingly, endogenous VT inhibits social approach in goldfish via a cascade that includes descending parvocellular projections to autonomic hindbrain nuclei, activation of substance P vagal efferents, and feedback to the brain from peripheral body state (Thompson et al., 2008a) . However, although these descending projections are strongly conserved across all vertebrate taxa (DeVries et al., 1985; Caffe et al., 1989; Panzica et al., 1999; Thompson et al., 2008b; Thompson and Walton, 2009) , they appear to arise primarily from parvocellular neurons in the preoptic area (in anamniotes) and homologous neurons in the PVN of amniotes (De Vries and Buijs, 1983; Goodson et al., 2003; Thompson and Walton, 2009) , not the BSTm cell group, which is lacking in fish altogether (Goodson et al., 2003; Greenwood et al., 2008) . Thus, while the behavioral results in goldfish are consistent with the increased social contact in zebra finches observed here via VT knockdown, it is unlikely that the effects are mediated by similar projection systems. Nonetheless, we cannot exclude the possibility that the VT antisense altered paracrine effects in the brainstem, particularly since VT production was presumably altered for a period of days prior to behavioral testing.
VT/VP circuitry of the BSTm-LS modulates anxiety-like behavior in a species-specific manner: An emotional mechanism for social evolution?
In mammals, VP tends to promote anxiety-like behaviors via activation of both V 1a and V 1b receptors in the hippocampus (Engin and Treit, 2008) , via V 1a receptors in the BSTm (Bosch et al., 2010) and also via actions in multiple targets of the BSTm, such as the LS (Landgraf et al., 1995; Beiderbeck et al., 2007) and ventral pallidum (Pitkow et al., 2001) . In contrast, we here provide evidence that endogenous VT circuitry of the BSTm-LS potently reduces anxiety-like responses to novelty in male zebra finches. To some extent, this result is consistent with a small literature showing that septal VP promotes active coping in novel situations such as forced swimming (Ebner et al., 1999; Engelmann et al., 2004) , although the behavioral measures that we employed here are likely more comparable to less stressful exploration measures, such as the elevated plus-maze, which typically support an anxiogenic role for septal VP (Landgraf et al., 1995) . However, lateral septal VP has also been shown to decrease anxiety in the elevated plusmaze (Everts and Koolhaas, 1999) , suggesting that the context of testing (e.g., in different labs) may be particularly important.
Even accepting that anxiogenic effects of lateral septal VP can be context-dependent, the present results are still strongly at odds with the majority of findings in mammals, given that we obtained atypical results with multiple assays and manipulations, suggesting that there are important species differences in the modulation of anxiety-like behavior by VT/VP. Although we must certainly consider the possibility that VT/VP mechanisms of anxiety-like behavior are simply different in birds and mammals, a more interesting alternative hypothesis is that the extreme sociality of zebra finches has been achieved by adaptive modifications to the anxiety-related VT processes of the BSTm and LS. Further studies in less social finch species or extremely gregarious mammal species would provide good tests of this hypothesis.
Notably, nonapeptides influence social cognition and affiliation behaviors by acting within numerous neural loci where nonapeptides also modulate anxiety (Choleris et al., 2008; Goodson and Thompson, 2010; Labuschagne et al., 2010) . In some cases, these actions are clearly coordinated, as in the anxiolytic actions of oxytocin that allow the appropriate display of maternal care (Neumann, 2008) . Similarly, nonapeptides may influence gregariousness primarily via modulation of broad emotional states, and indeed, it seems quite possible that gregariousness is titrated largely via anxiety-like mechanisms that are themselves influenced by social context. The VT circuitry of the BSTm and LS may function in just this fashion, given that Fos activity of BSTm VT neurons is strongly modulated by social stimuli and those neurons in turn modulate anxiety-like behaviors. If this view is correct, then species-specific modifications to the links between nonapeptides, anxiety processes and social behavior, as might be produced by speciesspecific receptor distributions, may support adaptive species-typical behaviors such as mate fidelity, territoriality, or flocking.
But why might socially relevant peptide systems modulate anxiety outside of the context of direct social interaction? And how do we reconcile the observations that BSTm VT neurons increase their Fos responses so selectively to positive social stimuli, and not nonsocial stimuli, and yet still influence anxiety-like behaviors in contexts such as the novelty-suppressed feeding paradigm and exploration of a novel environment? The answer to this second question is perhaps more obvious: Although the BSTm VT neurons exhibit phasic Fos responses to a very restricted range of positive social stimuli, they also exhibit extremely high levels of constitutive Fos expression in zebra finches Goodson et al., 2009b) , and may therefore exert strong tonic influences on behavioral and emotional states. With regard to the first question-it may well be that for a highly gregarious animal like the zebra finch, there is no such thing as a behavioral or emotional state that is uncoupled from sociality. These animals spend their entire lives in the company of other birds (about 100 on average; Zann, 1996) , and thus a zebra finch that is placed in a testing chamber is not an animal that is in some kind of neutral state. Rather, it is an animal that is in the state of social isolation, and peptidergic influences in such tests cannot be assumed to be independent of that particular social context. Considering this perspective, a particularly interesting focus for further research will be to determine whether endogenous VT systems function in the same manner when animals are in familiar social groups and when they are isolated.
Conclusions
The present experiments provide the first direct evidence for specific behavioral functions of VT/VP cells in the BSTm, and show that these neurons potently promote gregariousness and strongly reduce anxiety-like responses to novelty. These behaviors were similarly influenced by V 1a antagonist infusions into the LS, but whereas antisense oligonucleotide infusions into the BSTm increased time spent in social contact, the antagonist showed a clear lack of such effects. Treatments did not affect general activity and antisense oligonucleotides did not influence courtship singing, consistent with previous antagonist results . Our findings for anxiety-like behavior are not entirely consistent with those in rodents, but given that peptide mechanisms of grouping behavior and anxiety appear to be linked, these differences may reflect evolutionary adaptations that promote the extraordinarily gregarious behavior of zebra finches, a highly colonial species that exhibits a social organization based on biparental nuclear families embedded within much larger social groups.
